Nitrogen limits crop production when insufficient and harms the environment when excessive. Tailoring N inputs to cropping systems remains a high priority to achieve production and environmental goals. We collected soils from 47 corn (Zea mays L.) production fields in North Carolina and Virginia at depths of 0 to 10, 10 to 20, and 20 to 30 cm and evaluated soil C and N characteristics in association with soil N mineralization. Soil organic C at a depth of 0 to 10 cm varied among sites from ~10 to 80 g kg -1 , and generally declined with depth because of many sites with no-tillage management. N itrogen (N) is considered the most limiting nutrient in plant production. In many cases, demand for N by highly productive crops far exceeds the N that can be supplied by soil. Sources of N from soil are residual inorganic N from previous cropping or organic forms of N in soil organic matter and plant and animal residues, which must be mineralized in synchrony with decomposition processes. Insufficient N leads to low biomass production as a result of limited protein synthesis and low photosynthetic activity, all of which causes cascading negative effects on water-use efficiency, biological activity, ecosystem functioning, economic return from farm capital investment, and social welfare of farming communities (Smil, 2002; Tilman et al., 2011) . In contrast, excessive N leads to susceptibility of crops to invasion by pests, leakage of N from the soil and plant systems to the environment causing air and water pollution, and loss of investment from costly inorganic N inputs (Vitousek et al., 1997; Hatfield and Follett, 2008) .
N itrogen (N) is considered the most limiting nutrient in plant production. In many cases, demand for N by highly productive crops far exceeds the N that can be supplied by soil. Sources of N from soil are residual inorganic N from previous cropping or organic forms of N in soil organic matter and plant and animal residues, which must be mineralized in synchrony with decomposition processes. Insufficient N leads to low biomass production as a result of limited protein synthesis and low photosynthetic activity, all of which causes cascading negative effects on water-use efficiency, biological activity, ecosystem functioning, economic return from farm capital investment, and social welfare of farming communities (Smil, 2002; Tilman et al., 2011) . In contrast, excessive N leads to susceptibility of crops to invasion by pests, leakage of N from the soil and plant systems to the environment causing air and water pollution, and loss of investment from costly inorganic N inputs (Vitousek et al., 1997; Hatfield and Follett, 2008) .
Nitrogen availability in soils has been investigated for decades (Waksman and Starkey, 1924; Fribourg and Bartholomew, 1956; Stanford, 1968; Jenkinson and Powlson, 1976; Jansson and Persson, 1982; Campbell et al., 1991 ), yet reliable predictions of N fertilizer application rate to optimize cereal grain yields have been elusive (Balkcom et al., 2003) . Early investigations to optimize inorganic N inputs focused on defining potentially mineralizable N from a nonlinear function derived from inorganic N released through successive leaching and incubation (Stanford and Smith, 1972) . This methodology has been considered the best estimate of soil N mineralization potential, despite (i) the long time period for evaluation (32 wk) and (ii) soluble C sources critical to biological functioning are lost during the leaching step. Alternative approaches have since been proposed to obtain reliable indicators of potentially mineralizable N, or at least to significantly shorten analysis time (Griffin, 2008) . Among 13 methods evaluated (including total soil C and N, particulate organic C and N, , hot , hydrolyzable N, NaOH and BO 7 P distillable N, anaerobic and aerobic N mineralization, flush of CO 2 , and Ca(ClO) 2 oxidation), net N mineralization during 24 d of aerobic incubation had the greatest correlation with potentially mineralizable N during 41 wk of incubation (Schomberg et al., 2009) . In multiple regression, the flush of CO 2 following rewetting of dried soil combined with total soil N was considered a robust predictor of potentially mineralizable N among 11 sites in the southern United States (total of 44 management conditions-soil depths) (Schomberg et al., 2009) . Total soil N is a widely determined soil property that sets a limit on N availability and the flush of CO 2 is a simple and rapid test of potential C mineralization and soil microbial activity.
In situ measurement of inorganic soil N accumulation over time has helped define the strong role of temperature and moisture on N mineralization (Kolberg et al., 1999) , but the technique is useful only for understanding N mineralization dynamics from a conceptual viewpoint. In a similar manner, plant tissue N concentration can be considered a diagnostic tool, but the ability to make fertilizer adjustments is challenged by a need to allow the plant to mature enough to express deficiency and/ or sufficiency (Varvel et al., 2007) . Fertilizer recommendations would be ideally available early in the growing season to make effective management decisions. In reality, many contemporary N fertilizer recommendations in the United States are based on historical experimental trials within a state or region and extrapolating those results to a standard quantity of N per unit of production (Vanotti and Bundy, 1994) . Soil condition within a particular soil type is typically not considered, although historical management may have significantly altered conservation of N resources in organic matter (Culman et al., 2013) . On the one hand, complex laboratory protocols to estimate N mineralization would be the most scientifically robust, but have not been routinely adopted due to labor and time resource constraints. On the other hand, simplified chemical indices to estimate N mineralization would be most practical, but have also not been routinely adopted due to uncertain reliability under a diversity of conditions. Our hypothesis is that a short-term biological indictor of N mineralization could be a valid approach to meet scientific rigor of a natural process and to be done quickly and uniformly to be able to trust the results.
Net N mineralization is a specific process controlled by soil biological activity, and there are suggestions that general soil biological activity may be a useful indicator to predict N mineralization (Franzluebbers, 2016) . For an indicator to be considered robust and reliable, associations among soil biological processes should be consistent across a diversity of soil types. Strong associations between the flush of CO 2 and net N mineralization have been observed in several studies, but often under limited diversity of soil types within the study. For example, Typic Kanhapludults from Georgia had strong positive association (r 2 = 0.90; n = 5) at sampling depth of 4 to 8 cm, but weak association at 0-to 4-cm depth (Franzluebbers, 1999) . From 4 yr of sampling at four soil depths in a long-term integrated croplivestock trial on Typic Kanhapludults in Georgia, the association between net N mineralization during 24 d and the flush of CO 2 in 3 d was very strong (r 2 = 0.82; n = 646) (Franzluebbers and Stuedemann, 2008) . From a range of reclaimed mine spoils and native grasslands in Wyoming, the association between net N mineralization during 21 d and the flush of CO 2 in 3 d was also strong (r 2 = 0.72; n = 22; Ingram et al., 2005) . From Typic Kanhapludults in North Carolina, strong association of net N mineralization during 24 d with the flush of CO 2 in 3 d was observed, but with a plateau effect occurring when the flush of CO 2 exceeded 500 mg kg -1 (r 2 = 0.72; n = 120; Franzluebbers and Brock, 2007) . From evaluation of three tillage systems at three depths after 5 yr on a Rhodic Hapludox in Brazil, net N mineralization during 24 d was highly related with the flush of CO 2 in 3 d (r 2 = 0.71; n = 27) (Green et al., 2007) . The aim of this investigation was to verify the reliability of the flush of CO 2 as a biologically based indicator of soil N availability across a diversity of soils used for corn production in the Mid-Atlantic region of the United States. We focused on the flush of CO 2 , because it is a biological property (as opposed to other shortterm chemical indicators of N mineralization), but that does not require exhaustive human and laboratory resources and time. In addition, a variety of soil C and N fractions were evaluated along with routine soil-testing of other nutrients at depths of 0 to 10, 10 to 20, and 20 to 30 cm. A specific goal was to assess potential differences in associations among soil C and N properties within and across a diversity of soil textures and physiographic regions. Net N mineralization during 24 d of aerobic incubation was considered a standard against which other properties could be compared.
MATeRIALS AND MeThODS
Soil was collected from 47 fields throughout North Carolina and Virginia (Table 1) . Sites were sampled in the spring prior to corn production in 2014, 2015, or 2016 . This soil evaluation preceded an evaluation of corn production response to N fertilizer (Franzluebbers, 2018) . Sites were located in four distinct physiographic regions, including the Coastal Plain (9 sites total in Camden, Lenoir, Halifax, and Washington counties in North Carolina), Piedmont (15 sites total in Montgomery, Rowan, and Stanly counties in North Carolina and Culpeper and Fauquier counties in Virginia), Great Valley (20 sites total in Augusta and Rockingham counties in Virginia), and Blue Ridge (3 sites total in Henderson County in North Carolina). Soils were predominately Ultisols (27 sites as Endoaquults, Hapludults, Kanhapludults, Paleaquults, Paleudults, and Umbraquults) and Alfisols (11 sites as Hapludalfs), followed by Inceptisols (7 sites as Dystrudepts and Eutrudepts) and Entisols (2 sites as Udifluvents). Mean an- nual temperature ranged from 11.2 to 16.0 and precipitation ranged from 859 to 1300 mm.
Soil was typically collected from four replicate blocks within both research station trials (4 locations and total of 11 site-years) and private farms (19 locations and total of 36 siteyears). Soil was sampled at depths of 0 to 10, 10 to 20, and 20 to 30 cm with a hydraulic probe (4 cm i.d.) or same-sized hand probe. Typically, eight cores within a block were composited in a paper bag, transported to the laboratory, and dried by placing in an oven at 55°C for at least 3 d until constant weight (sometimes initially by blowing room-temperature air over the sample on a paper plate followed by oven drying). Soil was then gently crushed with pestle over a screen with 4.75-mm openings. Stones and residues not passing the screen were weighed (if greater than ~5% of total weight) and removed from the sample during further processing.
Soil was analyzed on the <4.75-mm samples for most properties. Only for total organic C and N and initial inorganic N was a subsample ground to a fine powder in a ball mill. Total organic C and N were determined with dry combustion using a Leco TruMac CN analyzer. Routine soil nutrient analyses were conducted by Soil Testing Services of the North Carolina Department of Agriculture and Consumer Services in Raleigh, NC. Soil pH was from 1:2 (v/v) of soil/water with glass electrode. Concentrations of Ca, Cu, K, Mg, Mn, Na, P, S, and Zn were determined with Mehlich-III extraction followed by determination with inductively coupled spectroscopy.
Soil organic C and N fractions were determined according to methods of Franzluebbers and Stuedemann (2008) . Briefly, soil microbial biomass C was determined with chloroform fumigation-incubation without subtraction of a control and using an efficiency factor of 0.41 (Voroney and Paul, 1984; Franzluebbers et al., 1999) . The flush of CO 2 following rewetting of dried soil (3 d) and cumulative C and N mineralization during 24 d of incubation were determined with aerobic incubation of soil at 50% water-filled pore space and 25°C. Duplicate 50-g soil samples in 60 mL glass jars were wetted and placed in a 1-L canning jar along with a vial containing 10 mL of 1 mol L -1 NaOH to trap CO 2 and a vial of water to maintain humidity. Alkali traps were replaced at 3 and 10 d of incubation and CO 2 -C determined by titration with 1 mol L -1 HCl with vigorous stirring in the presence of BaCl 2 (that precipitated to form BaCO 3 ) to a phenolphthalein endpoint. At 10 d, one of the subsamples was removed from the incubation jar, fumigated with CHCl 3 under vacuum for 1 d, vapors removed, placed into a separate canning jar along with vials of alkali and water, and incubated at 25°C for 10 d. Basal soil respiration was determined from the assumed linear rate of C mineralization from 10 to 24 d of incubation. Potential C mineralization was calculated from the cumulative evolution of CO 2 during 24 d of incubation. Mineralizable N was determined from the difference in inorganic N concentration between 0 and 24 d of incubation. Inorganic N (NH 4 -N + NO 2 -N + NO 3 -N) was determined from the filtered extract of a 10-g subsample of dried (55°C for 3 d) and sieved (≤2 mm) soil that was shaken with 20 mL of 2 mol L -1 KCl for 30 min using salicylate-nitroprusside and hydrazine autoanalyzer techniques (Bundy and Meisinger, 1994) . Available N was calculated as the summation of residual inorganic N (NO 3 + NH 4 ) and mineralizable N during 24 d of incubation. Mineralizable N to a 30-cm depth was calculated from the summation of products of mineralizable N concentration and bulk density of each soil depth. Soil bulk density was assumed from a pedotransfer function related to soil organic C concentration (Franzluebbers and Stuedemann, 2010) :
where BD is bulk density (Mg m -3 ) and SOC is soil organic C (g kg -1 ).
Particulate organic matter and soil texture were determined from the dried sample (55°C for 3 d) previously used to estimate soil microbial biomass C (Franzluebbers and Stuedemann, 2008) . Soil (50-g sample) was shaken with 100 mL of 0.1 mol L -1 Na 4 P 2 O 7 for 16 h, and then diluted in a 1-L volumetric cylinder with deionized water. The dilute soil solution was mixed with a plunger 10 times and allowed to settle for exactly 5 h, at which time a hydrometer was inserted to determine density of solution as proxy for clay concentration (Gee and Bauder, 1986) . The soil-solution mixture was passed over a sieve with 0.053-mm openings to collect the sand fraction (>0.053 mm), which was dried (55°C for 24 h past visual dryness), weighed, ball milled, and analyzed for C and N with dry combustion as described for total organic C and N. Silt concentration was estimated from the difference between unity and fractions of clay and sand.
Lability ratios of organic matter were calculated as the ratio of mineralizable C or N, microbial biomass C, and particulate organic C or N per unit of total organic C or N and as the ratio of basal soil respiration per unit of microbial biomass C.
Regressions and correlations among variables were performed with Sigma Plot v. 12.5 (Systat Software Inc., San Jose, CA). Effects were considered significant at p ≤ 0.05.
ReSuLTS AND DISCuSSION

Site Characteristics
Soil texture of the 47 site-years (averaged across replications and depths) was distributed widely among eight classes (Fig. 1) . Clay loam was the most populated class (32% of sites), followed by loam (21% of sites), silty clay loam (13% of sites), and sandy loam (13% of sites). A Piedmont site in Fauquier County, Virginia had the highest clay concentration (553 g kg -1 ) and a Great Valley site in Rockingham County, Virginia had the lowest clay concentration (120 g kg -1 ) and silt concentration (202 g kg -1 ), which was also the site with the highest sand concentration (678 g kg -1 ). Sand concentration was lowest at a Great Valley site in Augusta County, Virginia (61 g kg -1 ). Silt concentration was greatest at a Piedmont site in Montgomery County, North Carolina (595 g kg -1 ).
Soil organic C had median value of 20.6, 10.3, and 6.4 g C kg -1 at depths of 0 to 10, 10 to 20, and 20 to 30 cm, respectively. Within a depth, there was also wide variation among sites. The middle 50% of observations was distribut-ed in the range of 17.6 to 24.0 g C kg -1 at 0 to 10 cm, 8.4 to 12.9 g C kg -1 at 10 to 20 cm, and 5.2 to 10.1 g C kg -1 at 20 to 30 cm. Many of the fields were under several years of no-tillage management, and therefore, the stratified distribution of soil organic C with depth was expected. Two of the sites in particular stood out from the remainder of the sites-Portsmouth loam (fine-loamy over sandy or sandy-skeletal, mixed, semiactive, thermic Typic Umbraquults) in Lenoir County, North Carolina and Portsmouth fine sandy loam in Washington County, North Carolina. These sites had greater soil organic C than other sites, as they were in the Coastal Plain region and classified as very poorly drained, although both sites had drainage canals.
Total soil N varied similarly to that of soil organic C. Median total soil N was 1.84, 0.91, and 0.60 g N kg -1 at depths of 0 to 10, 10 to 20, and 20 to 30 cm, respectively. Within a depth, the middle 50% of data was distributed in a range of 1.40 to 2.19 g N kg -1 at 0 to 10 cm, 0.76 to 1.12 g N kg -1 at 10 to 20 cm, and 0.50 to 0.80 g N kg -1 at 20 to 30 cm.
Lability of soil C and N was generally greater near the soil surface than lower in the profile (Table 2) . Soil texture had variable effects on lability ratios. Particulate/total organic C was greater (p < 0.001) at 0-to 10-cm depth than at lower depths (222 vs. 118 mg g -1 at 0-to 10-and 10-to 30-cm depths, respectively). Particulate/total organic C declined (p = 0.009) with increasing sand concentration at depth of 0 to 10 cm, but was unaffected by sand concentration at 10-to 20-and 20-to 30-cm depths. Particulate/total soil N was also greater at 0-to 10-cm depth than at lower depths (156 vs. 78 mg g -1 at 0-to 10-and 10-to 30-cm depths, respectively). Particulate/total soil N was unaffected by sand concentration at 0-to 10-and 10-to 20-cm depths, but increased (p = 0.02) with sand concentration at 20-to 30-cm depth. Soil microbial biomass/total organic C was greater at 0-to 10-cm depth than at lower depths (47.7 vs. 39.4 mg g -1 at 0-to 10-and 10-to 30-cm depths, respectively). Soil microbial biomass/total organic C declined (p < 0.001) with increasing sand concentration at all three soil depths. Mineralizable/total soil N was greater at 0 to 10 cm (47.0 mg g -1 [24 d] -1 ) than at 10 to 20 cm (33.1 mg g -1 [24 d] -1 ), which was in turn greater than at 20 to 30 cm (26.4 mg g -1 [24 d] -1 ). Mineralizable/total soil N declined (p = 0.03) with increasing sand concentration at 0-to 10-and 10-to 20-cm depths, but was unaffected by sand concentration at the 20-to 30-cm depth. Ratios of cumulative C mineralization/total organic C and basal soil respiration/soil microbial biomass C were similarly affected by depth and texture as for mineralizable/total soil N. 
Net Nitrogen Mineralization
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Total soil N concentration was a relatively good predictor of net N mineralization, with an overall r 2 = 0.58 (p < 0.001) across sites (Fig. 2) . Soil organic C was a weaker predictor of net N mineralization across sites, with an overall r 2 = 0.19 (p < 0.001). Soil C/N ratio was 12.6 ± 4.2 among all samples. However, there were a few locations that had an elevated soil C/N ratio compared with the majority of locations (10.6 ± 2.0 among 36 site-years). Eleven site-years had elevated soil C/N ratio (18.6 ± 3.5); these locations were in Halifax County, North Carolina (16.8 ± 1.6), Henderson County, North Carolina (15.2 ± 1.5), Lenoir County, North Carolina (20.4 ± 2.8), and Washington County, North Carolina (21.0 ± 3.1). Eight of these site-years were in the Coastal Plain derived from marine sediments and that were previously drained to maintain cropland productivity; the sites are described as having an aquic moisture regime. Some of these soils were mineral-organic combination, as evidenced from the high organic C concentration. Mean soil organic C concentration of the 0-to 30-cm depth was 14 g C kg -1 on the Nahunta silt loam (Aeric Paleaquults) and 11 g C kg -1 on the Grantham loam (Typic Paleaquults) in Halifax County, North Carolina, 17 g C kg -1 on the Lynchburg sandy loam (Aeric Paleaquults) and 60 g C kg -1 on the Portsmouth loam (Typic Umbraquults) in Lenoir County, North Carolina, and 17 g C kg -1 on the Cape Fear loam (Typic Umbraquults), 20 g C kg -1 on two of the Portsmouth fine sandy loams (Typic Umbraquults), and 45 g C kg -1 on one of the Portsmouth fine sandy loams in Washington County, North Carolina. Three of the site-years were in the Blue Ridge with bottomland soil along a river. Soil organic C averaged 16 g C kg -1 on both Comus fine sandy loam (Typic Udifluvents) and Codorus loam (Fluvaquentic Dystrudepts) in Henderson County, North Carolina.
Net N mineralization was always greatest at the 0-to 10-cm depth and declined with depth at each location (Table 3) When comparing net N mineralization from sites that were managed on private farms versus research stations, some curious and consistent results were found, despite no a priori selection of sites. In the Coastal Plain, 6 site-years were from research stations and 3 site-years were from private farms. Net N mineralization at depth of 0 to 30 cm was 96 and 141 kg N ha -1 (24 d) -1 from research station and private farms, respectively (p = 0.001). In the Piedmont region, net N mineralization at depth of 0 to 30 cm was 145 and 196 kg N ha -1 (24 d) -1 from research station (n = 2 site-years) and private farms (n = 13 site-years), respectively (p = 0.06). Across all regions, there were 11 site-years from research stations and 34 site-years from private farms, in which net N mineralization at depth of 0 to 30 cm was 111 and 207 kg N ha -1 (24 d) -1 , respectively (p < 0.001). Many private farms had no-till, diverse crop rotations, cover crops, and routine application of animal manures, while research stations typically had tillage, crop rotations, and few instances of cover crops and application of animal manures. Therefore, these results suggest that private farms had more enriched surface soil than on research stations. Furthermore, historical calibrations of N fertilizer requirement for corn in North Carolina, which would have been conducted primarily on research stations (Rajkovich et al., 2015) , may not have captured the full range of soil conditions found on private farms. Irrespective of location, these results suggest there can be a large quantity of mineralizable N present in surface soil to provide a significant fraction of N to a cropping system. For example, if a 10 Mg ha -1 corn grain crop were assumed to require 215 kg N ha -1 , then N mineralization potential might provide 62 to 91% of the total N requirement (based on mean values from research stations and private farms). Of course, unique field conditions, management, and weather patterns would determine the actual N mineralization that occurs.
Correlations of Soil Properties with Net N Mineralization
Net N mineralization was highly correlated (p < 0.001) with several biologically active C fractions, including soil microbial biomass C (r 2 = 0.58), cumulative C mineralization during 24 d (r 2 = 0.66), basal soil respiration (r 2 = 0.65), and the flush of CO 2 following rewetting of dried soil (r 2 = 0.77). The flush of CO 2 had the closest association with net N mineralization of all soil variables investigated. However, there were several other soil properties that had relatively strong association with net N mineralization (p < 0.001), including particulate organic C and N, total soil N, Zn, cation exchange capacity, and Ca, all having moderate association (0.35 ≤ r 2 ≤ 0.65) with net N mineralization. Those with weaker, but significant correlation (r 2 < 0.35) with net N mineralization included P, Cu, K, residual inorganic N, residual soil nitrate, inverse of sieved soil density, total organic C, base saturation, Na, Mn, Mg, soil pH, S, and inverse of soil acidity. The positive and moderate association of many inorganic elements with net N mineralization was likely because of management history at many locations, that is, adoption of no-tillage crop production with animal manure applications.
Influence of Soil Texture on Net N Mineralization
We expected soil texture to have an influence on net N mineralization, but it was nonexistent or weak. In addition, there was little influence of soil textural class on the association between the flush of CO 2 and net N mineralization (Fig. 3) . Slopes of these associations varied from 0.19 to 0.31 mg N (0-24 d) mg -1 CO 2 -C (0-3 d) and y-intercept was 5 ± 5 mg N kg -1 (24 d) -1 . There was a tendency for the slope to increase in soil textural classes from low to high clay concentration (i.e., SL < SiC and SCL < C), but there was also a decline in slope when clay concentration increased between textural classes with more similar sand concentration (i.e., SL > SCL, L > CL, SiL > SiCL, and SiC > C). When clay concentration was used as a co-variate in regression analysis, there was no significant effect (p = 0.85) on the association between net N mineralization and the flush of CO 2 . However, sand concentration did significantly affect the association between net N mineralization and the flush of CO 2 (p = 0.008), indicating that the slope declined with increasing sand concentration. The magnitude of this alteration by sand concentration was very small (partial r 2 < 0.01). 
Soil-Test Inorganic Nutrients
The middle 50% of data for residual inorganic N was distributed in a range of 10 to 25 mg kg -1 at 0 to 10 cm, 5 to 10 mg kg -1 at 10 to 20 cm, and 4 to 8 mg kg -1 at 20 to 30 cm. Distribution for residual soil nitrate N was in the limited range of 2 to 13 mg kg -1 at 0 to 10 cm, 0 to 3 mg kg -1 at 10 to 20 cm, and 0 to 3 mg kg -1 at 20 to 30 cm. When adding both inorganic N and net N mineralization potential in 24 d as an estimate of plant-available N, the middle 50% of data was in the range of 71 to 139 mg kg -1 at 0 to 10 cm, 28 to 48 mg kg -1 at 10 to 20 cm, and 17 to 30 mg kg -1 at 20 to 30 cm. Distribution of extractable P was in a range of 81 to 334 mg dm -3 at 0 to 10 cm, 31 to 128 mg dm -3 at 10 to 20 cm, and 12 to 54 mg dm -3 at 20 to 30 cm. Distribution of extractable K was in a range of 146 to 321 mg dm -3 at 0 to 10 cm, 59 to 154 mg dm -3 at 10 to 20 cm, and 49 to 100 mg dm -3 at 20 to 30 cm. Distribution of extractable Ca was in a range of 1147 to 1995 mg dm -3 at 0 to 10 cm, 894 to 1629 mg dm -3 at 10 to 20 cm, and 773 to 1437 mg dm -3 at 20 to 30 cm. For all three depths, base saturation was 80 to 95% in the middle 50% range, while soil pH was in a range of 6.0 to 6.8. Taken together, these soil chemical attributes suggest that sites were generally of adequate chemical fertility, but with strong depth stratification that might have limited root exploration at lower soil depths.
Variations in Soil Properties
Variation in soil properties was mostly greater at the surface than at lower depths, suggesting the major zone of variation of soil properties was nearest the soil surface. We assessed variation in soil properties among field replicates with coefficient of variation to be able to compare across soil properties with widely different units and values. With 47 site-years and three depths evaluated (i.e., 137 total evaluations with generally four replicates), coefficients of variation were generally skewed with a few cases of abnormally high variation, so median values were evaluated. There were four groupings that could be discerned. The group with lowest coefficient of variation (<10%) was for pH, density, cation exchange capacity, base saturation, Cu, and Na (Na had many observations of zero and there was large scatter if concentration was greater than detection limit) (Fig. 5) . Second lowest coefficient of variation (10-15%) was for clay, sand, total organic C, total soil N, flush of CO 2 , basal soil respiration, Ca, Mg, S, Mn, and Zn. Second highest category of coefficient of variation (15-20%) included particulate organic C and N, soil microbial biomass C, mineralizable C, net N mineralization, plant available N, residual inorganic N, and K. The group with highest coefficient of variation (>20%) included phosphorus and residual soil nitrate. Although soil biological properties had intermediate levels of variation, the flush of CO 2 was among the lowest in this group. Median coefficient of variation was statistically lower with the flush of CO 2 than with net N mineralization (14.4 vs. 17.9%, respectively; p = 0.003). The flush of CO 2 and several other soil biological properties were lower in residual variation than two commonly measured soil-test properties of extractable P and residual soil nitrate. Therefore, residual variation in soil biological properties (assuming adequate standardization of methodology) may be low enough to discern realistic changes in soil as a consequence of management.
Flush of CO 2 following Rewetting of Dried Soil
The flush of CO 2 is a soil biological property that has relatively rapid analysis time, is relatively simple in methodological requirements, relates to a diversity of other important soil C and N characteristics of biological origin, and has been widely reported as sensitive to management in previous studies, such as differences in forage utilization from livestock grazing (Franzluebbers and Stuedemann, 2003) , mine-spoil reclamation (Ingram et al., 2005) , tillage management , and cover crop management (Franzluebbers and Stuedemann, 2015) . These previous studies along with results from the current study corroborate the suggestion of using the flush of CO 2 as an appropriate indicator for soil-test biological activity (Franzluebbers et al., 2000) .
The strong association of the flush of CO 2 with net N mineralization in this study across a diversity of soils in North Carolina and Virginia lends further support to the suggestion that it could be used as a rapid and reliable indicator of soil N availability (Franzluebbers, 2016) .
CONCLuSIONS
The flush of CO 2 is a soil biological property that has relatively rapid analysis time, is relatively simple and inexpensive in methodological requirements, and relates to a diversity of other important soil C and N characteristics of biological origin. This evaluation supports the use of the flush of CO 2 as an appropriate indicator for soiltest biological activity. The strong association of the flush of CO 2 with net N mineralization in this study across a diversity of soils in North Carolina and Virginia supports the use of the flush of CO 2 as a rapid and reliable indicator of soil N availability.
